The transformation behavior and tensile properties of an ultra-high-strength transformation-induced plasticity (TRIP) steel (0.2C-2.0Si-1.8Mn) were investigated by different heat treatments for automobile applications. The results show that F-TRIP steel, a traditional TRIP steel containing as-cold-rolled ferrite and pearlite as the original microstructure, consists of equiaxed grains of intercritical ferrite surrounded by discrete particles of M/RA and B. In contrast, M-TRIP steel, a modified TRIP-aided steel with martensite as the original microstructure, containing full martensite as the original microstructure is comprised of lath-shaped grains of ferrite separated by lath-shaped martensite/retained austenite and bainite. Most of the austenite in F-TRIP steel is granular, while the austenite in M-TRIP steel is lath-shaped. The volume fraction of the retained austenite as well as its carbon content is lower in F-TRIP steel than in M-TRIP steel, and austenite grains in M-TRIP steel are much finer than those in F-TRIP steel. Therefore, M-TRIP steel was concluded to have a higher austenite stability, resulting in a lower transformation rate and consequently contributing to a higher elongation compared to F-TRIP steel. Work hardening behavior is also discussed for both types of steel.
Introduction
The automobile industry is devoted to improving fuel efficiency by using lightweight structural parts in car bodies. The incorporation of advanced high-strength steel (AHSS) in automotive parts leads to improved fuel efficiency. Transformation-induced plasticity (TRIP) steel, one of the AHSSs, contains a metastable retained austenite phase, which is its prominent characteristic. Recently, silicon-containing TRIP steels have garnered considerable interest due to their excellent properties and potential for use in automotive structural components. TRIP steels exhibit an excellent combination of high strength, superior formability, and good crashworthiness. The TRIP effect, which is the transformation of metastable retained austenite into martensite under local stress, can be essentially attributed to the enhanced formability and energy absorption behavior of TRIP steels [1] [2] [3] . The stability of retained austenite involves both thermodynamic and mechanical aspects.
Experimental studies have predominantly aimed at quantifying the austenite volume fraction along with its average carbon concentration and determining how the amount of austenite decreases during deformation of the material [4] [5] [6] [7] [8] [9] [10] . However, the stability of austenite is strongly influenced by other microstructural factors such as grain size and morphology, the local stress state, the grain orientation, and the nature of the surrounding multiphase matrix [11] [12] [13] [14] [15] . Therefore, new detailed microstructural information at the level of the individual grains is required to accurately con-trol austenite stability and its transformation behavior into martensite during plastic deformation, which gives rise to an improved combination of ductility and strength in TRIP steels. In this study, two types of TRIP-aided steel were designed: "F-TRIP" steel and "M-TRIP" steel. The former one is a traditional TRIP steel containing as-cold-rolled ferrite and pearlite as the original microstructure, while the latter one is modified TRIP-aided steel with martensite as the original microstructure. The effects of retained austenite stability on the transformation behaviors and mechanical properties of the steels were investigated in detail. In addition, the volume fraction, carbon concentration, grain size, morphology, and distribution of retained austenite were analyzed. The effects of intercritical temperature on the transformation behaviors and mechanical properties of both steels were also examined. The main purpose of this article is to compare the comprehensive mechanical properties of the two steels, i.e., the product of tensile strength and total elongation (TS × TEl), as opposed to the heat treatment process.
Experimental
The chemical compositions of the investigated steels are listed in Table 1 . The investigated steels were prepared using a laboratory vacuum induction melting process. The ingots were homogenized at 1250°C for 2 h, forged between 1200-850°C into slabs with dimensions of 40 mm × 90 mm × 90 mm, and finally cooled to room temperature in a furnace. The slabs were reheated to 1200°C and hot rolled to a thickness of 4 mm, finished at 850°C, and then coiled at 600°C. The hot rolled material was then cold rolled to a final sheet thickness of 1.5 mm in a cold-rolling mill. The critical temperatures Ac 1 (721°C) and Ac 3 (864°C) of the designed steels were calculated based on the Thermal-Calc software, as shown in Fig. 1 and Table 1 . The equilibrium phase diagram and phase fractions in thermodynamic equilibrium were calculated using the Thermo-Calc software, as shown in Fig. 1 . The software DICTRA and a mixed-mode kinetic approach including finite interface mobility were applied to simulate the diffusion-controlled phase transformations. The simulations were performed using the thermodynamic database TCFE7 and the mobility database MOB2. The martensite-start temperature (Ms, °C) of the steel was estimated to be 389°C based on the following equation [16] , as given in where w C , w Mn , w Si , w Al , and w P are the mass fractions of C, Mn, Si, Al, and P in the steel. The annealing simulations were performed on thin steel sheets of the as-cold-rolled samples with a laboratory CCT-AY-II heat treatment system.
The samples of M-TRIP steel were first heated to the fully austenitic region at 950°C and held for 300 s before quenching at 30°C/s to room temperature. The subsequent process was the same as that for the traditional F-TRIP steel, which is called TRIP process. Intercritical annealing was performed on cold-rolled and quenched sheets at 780, 800, 820, and 840°C for 100 s, cooled first at 5°C/s to 680°C, and then cooled at 45°C/s to the austempering temperature. The samples were held at the austempering temperature (410°C) for 368 s and finally cooled to room temperature at a cooling rate of 7°C/s (Fig. 2) . The microstructures were examined using scanning electron microscopy and electron backscatter diffraction (SEM and EBSD, respectively; ZEISS ULTRA 55) along with transmission electron microscopy (TEM; JEM2010). The volume fraction of retained austenite was estimated by X-ray diffraction (XRD; Rigaku, DMAX-RB). The samples for SEM were prepared using nital, while the samples for EBSD and XRD measurements were first mechanically ground and polished and then electrolytically etched in a solution of 10vol% perchloric acid. The samples for TEM were mechanically ground to a thickness of about 0.04 mm and then electro-polished in a twin-jet machine in a solution of 5vol% perchloric acid and 95vol% alcohol at about −20°C.
Fig. 2. Schematic of heat treatments for F-TRIP steel (a) and M-TRIP steel (b).
The volume fraction of retained austenite was estimated by XRD using a Cu target. The calculations were based on the integrated intensities of the (200) α , (211) α , (200) γ , (220) γ , and (311) γ diffraction peaks. The volume fraction of retained austenite V γ was calculated using the following equation:
where I γ represents the average integrated intensity obtained at the (200) γ , (220) γ , and (311) γ diffraction peaks, and I α represents the average integrated intensity obtained at (200) α and (211) α diffraction peaks; K α and K γ are the reflection coefficient of the ferrite and austenite phases, respectively [17] . The retained austenite lattice constant ( γ a ) was measured based on the (220) γ diffraction peak with a negligible internal stress. The carbon concentration of retained austenite ( γ C , wt%) was calculated using the following equation [18] :
The tensile tests were carried out on a CMT testing machine at 20°C at a rate of 2 mm/min using specimens with gage lengths of 50 mm, gage widths of 12.5 mm, and thicknesses of 1.5 mm.
Results and discussion

Microstructure
Fig . 3 shows the original microstructures of the two types of TRIP-aided steel (F-TRIP steel and M-TRIP steel) before the TRIP process. The original microstructure of F-TRIP steel was as-cold-rolled ferrite (F) and pearlite (P), while that of M-TRIP steel was full martensite. Fig. 4 shows SEM images of the microstructures of F-TRIP and M-TRIP steels at different intercritical annealing temperatures. F-TRIP steel consists of equiaxed grains of intercritical ferrite surrounded by discrete particles of martensite (M)/retained austenite (RA) and bainite (B). In contrast, M-TRIP has lath-shaped grains of ferrite separated by lath-shaped M/RA and B. For both steels, the proportion of ferrite decreases, while intercritical austenite increases as the intercritical annealing temperature is increased. In addition, most of the austenite transforms into bainite in the subsequent austempering process.
In F-TRIP steel, the M/RA islands in the microstructure are primarily located at equiaxed ferrite grain boundaries. Bainite appears as an irregular phase adjacent to the M/RA islands; granular bainite occurs at low annealing temperature, while upper bainite character is prevalent at high annealing temperature (Figs. 4(a)-4(d) ). In contrast, in M-TRIP steel, most of the annealing martensite (ferrite) is lath-shaped or lamellar; only a small amount of the lath-shaped annealing martensite merged into block type, and this amount decreased with increasing annealing temperature (Figs. 4(e)-4(h)). Nucleation of intercritical austenite occurred mainly between martensite laths, and the speed of nucleation and growth was closely related to the degree of superheat. At lower intercritical annealing temperatures under a smaller degree of superheat, the slower nucleation and growth was not able to suppress the movement of annealing martensite laths. As a result, adjacent martensite laths merged into blocks, forming the sunken parts indicated by the arrows in Fig. 4(e) . With increasing intercritical annealing temperature, the austenite between annealing martensite (ferrite) laths grew quickly and prevented ferrite laths from merging, reducing the amount of blocky ferrite. At higher intercritical annealing temperature, the interlath-retained austenite diffused into the ferrite and merged together, where it transformed into martensite during the subsequent process or was retained at room temperature, as indicated by the bulging parts in Figs. 4(g)-4(h) . Overall, M-TRIP steel exhibits finer microstructure than F-TRIP steel.
Austenite characteristics
The volume fraction of RA and carbon concentration of the RA in F-TRIP steel is lower than those in M-TRIP steel (Fig. 5) . X is the mole fraction of carbon, Mn X is the mole fraction of manganese, and T is the temperature in kelvin. Eq. (1) shows that both carbon and manganese are potent stabilizers of retained austenite.
The stability of retained austenite is also related to morphology. Fig. 6 shows TEM micrographs of F-TRIP steel annealed at 820°C and M-TRIP steel annealed at 780°C. Most of the austenite in F-TRIP steel is present as discrete particles between equiaxed ferrite grains, while the austenite particles in M-TRIP steel are not constrained in such a manner. The retained austenite exists as thin layers between annealing martensite and bainite laths. Harder annealing martensite and bainite help reduce the amount of stress and strain carried by the austenite transformation, which increases the stability of the RA in M-TRIP steel. It is possible that annealing martensite and bainite stabilize RA via stress partitioning. Compared to equiaxed ferrite, the harder annealing martensite and bainite might shield neighboring RA from externally-applied stress. The stress partitioning mechanism is based on the theoretical calculation that a hard micro constituent adjacent to RA would reduce the hydrostatic pressure without changing the equivalent stress. Reducing the hydrostatic pressure in turn reduces the mechanical driving force for transformation [13] 
where g σ Δ is the mechanical driving force, h σ is the hydrostatic pressure, and σ is the equivalent stress. Moreover, the morphology of the retained austenite inside the bainite and annealing martensite are significantly different from those of retained austenite inside equiaxed ferrite, which may also affect how stress is partitioned between the micro constituents.
The stability of retained austenite is also affected by its size. The austenite grains in M-TRIP steel are finer and more discrete than those in F-TRIP steel, which also contributes to the increased austenite stability (Figs. 7 and 8) . The effects of retained austenite grain size can be attributed to the probability of martensitic nucleation and the energy barrier to the growth of martensite. Finer retained austenite grains contain fewer pre-existing martensite nuclei and therefore a lower probability of transformation. The interfacial energy of the emerging martensite−RA interface also acts as an energy barrier; in smaller retained austenite grains, the molar interfacial energy is larger than that in larger RA grains. where 0 γ f and γ f are the volume fractions of retained austenite before and after straining, respectively, and ε represents plastic tensile strain. The smaller k value indicates more stable austenite. It can be seen that the retained austenite in M-TRIP steel has higher austenitic stability than that in F-TRIP steel, which is consistent with the abovementioned results. In two types of steel, k decreases with increasing true strain and increases slightly in the last stage of strain. Fig. 10 illustrates the engineering stress-strain curves of the two types of TRIP-aided steel with different intercritical annealing temperatures. The specimen orientation used in the tensile test is consistent with the rolling direction. Three samples were taken for each test, and the averaged value was then obtained. The yield strength, tensile strength, and elongation vary with the intercritical annealing temperature. The true stress-strain curves show that all the investigated samples continuously yielded without a significant yield plateau, similar to the behavior of dual-phase steels and different from the behavior of traditional TRIP steel. Continuous yielding is usually associated with a high mobile dislocation density, which was produced by the martensitic phase transformation. Fig. 11 shows the variations in the tensile strength (TS), yield strength (YS), and yield ratio (YS/TS), in two types of TRIP-aided steel as a function of intercritical annealing temperature. F-TRIP steel has lower yield strength but a higher tensile strength than M-TRIP steel. It is conceivable that the initial delay in plastic flow of M-TRIP steel causes a modest increase in yield strength. The higher tensile strength of F-TRIP steel can be attributed to the faster transformation rate of retained austenite, as shown in Fig. 9 .
Mechanical properties
F-TRIP steel has a lower yield ratio than M-TRIP steel, as shown in Fig. 11(b) . Moreover, as the annealing temperature increased, the tensile strength remained basically unchanged, while the yield strength first increased and then decreases. The TS is attributed to the hard phase bainite and martensite. The martensite was obtained during the cooling process and the tensile deformation process. At a lower annealing temperature, the amount of bainite is less, while the amount of retained austenite is increased; the opposite trend is observed at a higher annealing temperature (Figs. 4 and  5(a) ). The yield behaviors of the alloys strongly depend on the grain size of the soft phase ferrite according to the Hall−Petch formula as well as the ferrite volume fraction and the solid solution of carbon in ferrite. At the preliminary annealing temperatures, finer ferrite grains and the reduction of the ferrite volume fraction are the main factors that determine the increase of yield strength of the steels. At the higher annealing temperature (840°C), a sharp decrease in solid solution carbon in ferrite leads to a lower yield strength ( Fig. 11(a) ).
Figs. 12(a) and 12(b) show the total elongation (TEl) and the product of tensile strength and total elongation (TS × TEl) as a function of intercritical annealing temperature, respectively, for both types of steel. M-TRIP steel exhibits higher TEl and TS × TEl than F-TRIP steel. The TEl and TS × TEl of F-TRIP steel first increased and then decreased after reaching their maxima at an annealing temperature 820°C; in contrast, these values for M-TRIP generally decreased from their maximum values at 780°C. TEl and TS × TEl are related to retained austenite characteristics including volume fraction, morphology, grain size, and carbon concentration. A large strength-ductility balance may be achieved by a significant TRIP effect due to the large amount of metastable retained austenite, which gradually transforms into martensite and suppresses a rapid decrease in the strain hardening exponent over a small strain range; this increases uniform elongation, as shown in Fig. 13 . F-TRIP has a higher instantaneous n than M-TRIP steel when the strain is less than 2.7%. However, M-TRIP steel exhibits a higher instantaneous n when the strain exceeds 2.7% until necking; it also shows a more slow decrease compared to F-TRIP steel. The observed differences in the work hardening behavior can be explained by comparing the stabilities of retained austenite in the two types of steel. The slower rate of transformation in M-TRIP steel allows for the instantaneous n value to be sustained at higher strains compared to F-TRIP steel. That is, at higher strains, some of the austenite phase in M-TRIP steel is still available for transformation, whereas F-TRIP steel has exhausted its TRIP effect. Therefore, retained austenite appears to play a significant role in the work hardening behavior. Generally speaking, M-TRIP steel has better mechanical properties than F-TRIP steel. Specifically, M-TRIP steel annealed at 780°C exhibits the best mechanical properties, which are as follows: tensile strength = 1040 MPa; total elongation = 23.0%; product of tensile strength and total elongation = 24.2 GPa·%. For the F-TRIP steel annealed at 820°C, tensile strength is 1100 MPa, total elongation is 18.7%, and the product of tensile strength and total elongation is 21.0 GPa·%.
Conclusions
Original microstructure before the TRIP process plays an important role on the final microstructure and mechanical properties. A new TRIP-aided steel with annealing martensite as the matrix exhibited a good balance between strength and ductility. These properties mainly depend on the favorable metastable austenite and indicate the potential application of this steel in automotive structural components. The important conclusions can be drawn as follows.
(1) F-TRIP steel containing as-cold-rolled ferrite and pearlite as the original microstructure consists of equiaxed grains of intercritical ferrite surrounded by discrete particles of M/RA and B. In contrast, M-TRIP steel containing full martensite as the original microstructure comprises lath-shaped grains of ferrite separated by lath-shaped M/RA and B.
(2) Most of the austenite in F-TRIP steel is granular, while the austenite in M-TRIP steel is lath-shaped. The volume fraction and carbon concentration of the retained austenite in F-TRIP steel are both lower than those in M-TRIP steel. In addition, the austenite grains in M-TRIP steel are much finer and more discrete than those in F-TRIP steel. The retained austenite in M-TRIP steel is surrounded by bainite, whereas it is surrounded mainly by ferrite in F-TRIP steel. The harder bainite helps reduce the amount of stress and strain carried by the austenite transformation; therefore, the stability of austenite in M-TRIP steel is higher than in F-TRIP steel.
(3) F-TRIP steel has a relatively fast rate of transformation, whereas M-TRIP steel exhibits a slower rate of transformation. Total elongation and work hardening behavior are related to the stability of the retained austenite in the two types of steel. The slower rate of transformation in M-TRIP steel allows the instantaneous n value and elongation to be sustained at higher strains.
(4) Compared to F-TRIP steel, M-TRIP steel has better mechanical properties. Specifically M-TRIP steel annealed at 780°C obtains the best mechanical properties, which are a tensile strength of 1040 MPa, a total elongation of 23.0%, and a product of tensile strength and total elongation of 24.2 GPa·%. For the F-TRIP steel annealed at 820°C, tensile strength is 1100 MPa, total elongation is 18.7%, and the product of tensile strength and total elongation is 21.0 GPa·%.
